The phylogenetics of the various pathotypes of diarrheagenic Escherichia coli are not completely understood. In this study, we identified several plasmid and chromosomal genes in the pathogenic enteroaggregative E. coli (EAEC) prototype strain 042 and determined the prevalence of these loci among EAEC and diffusely adherent E. coli strains. The distribution of these genes is analyzed within an evolutionary framework provided by the characterization of allelic variation in housekeeping genes via multilocus enzyme electrophoresis. Our data reveal that EAEC strains are heterogeneous with respect to chromosomal and plasmid-borne genes but that the majority harbor a member of a conserved family of virulence plasmids. Comparison of plasmid and chromosomal relatedness of strains suggests clonality of chromosomal markers and a limited transfer model of plasmid distribution.
The phylogenetics of the various pathotypes of diarrheagenic Escherichia coli are not completely understood. In this study, we identified several plasmid and chromosomal genes in the pathogenic enteroaggregative E. coli (EAEC) prototype strain 042 and determined the prevalence of these loci among EAEC and diffusely adherent E. coli strains. The distribution of these genes is analyzed within an evolutionary framework provided by the characterization of allelic variation in housekeeping genes via multilocus enzyme electrophoresis. Our data reveal that EAEC strains are heterogeneous with respect to chromosomal and plasmid-borne genes but that the majority harbor a member of a conserved family of virulence plasmids. Comparison of plasmid and chromosomal relatedness of strains suggests clonality of chromosomal markers and a limited transfer model of plasmid distribution.
Diarrheagenic Escherichia coli strains are major pathogens associated with enteric disease in many parts of the world. Currently, five pathotypes of diarrheagenic E. coli have been unequivocally associated with diarrheal illness: enterotoxigenic E. coli, enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC) and enteroaggregative E. coli (EAEC) (reviewed in reference 26). A sixth E. coli pathotype, diffusely adherent E. coli (DAEC), has been proposed on the basis of epidemiologic studies; however, unlike the other five categories, in which outbreaks and volunteer studies have identified truly pathogenic isolates, there are no such data for DAEC strains and their enteric pathogenicity is in question (26) .
EAEC may be an emerging diarrheal pathogen. This pathotype, defined by aggregative adherence (AA) to HEp-2 cells in culture, has been associated characteristically with persistent diarrhea among infants, particularly in the developing world (3, 4, 9, 28, 43) . However, recent outbreaks and volunteer studies suggest that EAEC strains are virulent in adults (29, 40) and have a global distribution (17, 18) .
Volunteer studies suggest that the virulence of EAEC strains for humans is genetically and phenotypically heterogeneous (29) . The factors conferring this heterogeneity have yet to be characterized, but several candidate EAEC virulence factors have been identified; none of these factors are present in all EAEC strains. We have shown that most EAEC strains harbor a 60 to 65-MDa plasmid which may encode the AA fimbria AAF/I or AAF/II (10, 25, 30, 42) and, in some cases, the enterotoxin EAST1 (36) . Recently, Eslava et al. cloned and sequenced a 104-kDa enterotoxin (called the plasmid-encoded enterotoxin, or Pet), which is also encoded on the AA plasmid of some EAEC strains (13) . Yet despite the fact that the large plasmids of EAEC are heterogeneous with regard to fimbriae and toxin expression, Baudry et al. (2) isolated a plasmidderived fragment which hybridizes with many EAEC strains; thus, the degree of conservation of the AA plasmids is an important and unresolved question. Indeed, a highly conserved plasmid could encode a large number of virulence factors that may provide important clues to the pathogenic mechanism of EAEC, as well as to its phylogenic origins. Moreover, it has been suggested that DAEC strains should be categorized within the EAEC pathotype (28); indeed, the predominant adhesins of DAEC strains are related to fimbrial adhesins encoded on EAEC plasmids (10) .
We undertook this study to develop a phylogenetic framework for EAEC and DAEC strains with the aims of understanding their natural history and their pathogenesis, as well as to illuminate overall aspects of E. coli phylogeny. A collection of strains from various epidemiologic studies was selected and subjected to multilocus enzyme electrophoresis (MLEE). In addition, we performed colony blot hybridization using a selection of chromosomal and plasmid-borne genes which we and others have identified. This study was made possible by analysis of the prototype AA plasmid derived from one proven human pathogenic EAEC strain (strain 042). The study of EAEC AA plasmid loci demonstrates that many EAEC strains harbor a partially conserved plasmid and that this plasmid has undergone significant horizontal dissemination among EAEC clones.
MATERIALS AND METHODS
Strains. Prototype EAEC strain 042 was isolated from a child with diarrhea in the course of an epidemiologic study in Lima, Peru, in 1983 (23); this strain elicited diarrhea in adult volunteers (29) . EAEC strains used in colony blot analysis were from the collection of the Center for Vaccine Development and were isolated from epidemiologic studies in various sites throughout the developing world. Strain 101-1 was implicated in a large outbreak of EAEC diarrhea among schoolchildren in Japan (18) and was obtained from Y. Itoh. Strain C1096 was implicated in an outbreak of EAEC diarrhea in a nursery in Serbia (7) and was obtained from M. Cobeljic. Strain RD8 is a Shiga toxin-producing EAEC strain that was implicated in an outbreak of hemolytic-uremic syndrome in France (21) and was obtained from A. Caprioli. Shigella flexneri YSH6000 (35) was obtained from S. Austin. E. coli HB101 (6) and DH5␣ (1) were used as recipient strains for genetic manipulations. All strains were stored at Ϫ70°C in Trypticase soy broth with 15% glycerol. Strains were routinely passed on LuriaBertani broth or agar with ampicillin (200 g/ml) where appropriate.
Molecular cloning.
All genetic manipulations were performed by standard methods (1) . Plasmid DNA was extracted by using a Plasmid Midi kit (Qiagen Inc., Chatsworth, Calif.). Purification of DNA fragments and extraction from agarose gel slices were performed with Geneclean (Bio 101, La Jolla, Calif.). Plasmid DNA was introduced into E. coli HB101 or DH5␣ by transformation of competent cells (obtained from Gibco/BRL, Gaithersburg, Md.) according to the manufacturer's instructions.
Construction of a pAA2 library. Purified plasmid DNA from strain 042 was sonicated to generate fragments 1 to 5 kb in length. After separation in a 0.7% agarose gel, 1.5 to 2.5-kb fragments were eluted from the gel, and ends were filled with Pfu DNA polymerase as instructed by the manufacturer (Stratagene). Fragments were ligated into SmaI-digested pBluescript. Ligated DNA was transformed into DH5␣, selecting for ampicillin resistance. A pAA2 cosmid library in vector pCVD301 (19) has been described previously (13) . The pAA2 plasmid map was derived by restriction enzyme analysis of the parent plasmid as well as insert DNA from several of the pCVD301 cosmid clones.
DNA sequence analysis. Nucleotide sequences were determined in the Biopolymer Core Laboratory (Department of Microbiology and Immunology, University of Maryland School of Medicine), with an Applied Biosystems model 373A automated sequencer via dye terminator cycle sequencing with Taq polymerase (Perkin-Elmer Corp., Norwalk, Conn.) according to manufacturer's instructions. Each sequence was derived by assembly of contigs with the SEQUENCHER 3.0 for Macintosh program (Gene Codes Corporation, Ann Arbor, Mich.) and was analyzed with GENEPRO sequence analysis software (version 5.00; Riverside Scientific, Bainbridge Island, Wash.) and the Wisconsin Genetics Computer Group sequence analysis package (available through the Center of Marine Biotechnology, University of Maryland). The predicted amino acid sequence of each open reading frame (ORF) was compared with protein sequences listed in EMBL/GenBank by using the Genetics Computer Group TFASTA program and the BLAST algorithms (National Center for Biotechnology Information).
Nucleic acid hybridization studies. Colony blot hybridization was performed by standard methods (1) on blots prepared by methods previously described (14); 25 ng of probe fragment was labeled by random primer extension (Prime-it kit; Stratagene Cloning Systems, La Jolla, Calif.) with 50 Ci of [ 32 P]dATP (Amersham Life Science Products, Arlington Heights, Ill.). Southern hybridization was performed by standard methods (1) . PCR primers used to derive the DNA probes are described in Table 1 . Restriction fragment length polymorphism (RFLP) analysis was performed with probes consisting of cosmids which carried the regions encoding AAF/I (cosmid pJPN31 from strain 17-2) (25) and AAF/II (cosmid D6 from strain 042). The CVD432 probe is the original AA probe described by Baudry et al. (2) and was derived from plasmid pCVD432.
HEp-2 adherence assay. The HEp-2 adherence assay was performed for a 3-h incubation as initially described by Cravioto et al. (8) . AA and DA (diffuse adherence) patterns were interpretated as described by Nataro et al. (27) . MLEE clonal analysis. Genetic variation was analyzed by horizontal starch gel electrophoresis to detect protein polymorphism for housekeeping enzymes (39) . Electromorphs were compared to standard mobility variants and assigned mobility ranks by the rate of migration. Isolates lacking enzyme activity were designated null for the particular locus. Every strain was characterized by its multilocus profile of electromorphs, or alleles, for the 20 enzyme-encoding loci (45) . Each distinctive allelic array was designated an electrophoretic type (ET) (39) . Phylogenetic relationships between ETs were determined based on a matrix of genetic distances between all pairs constructed by comparison of the allelic arrays. The neighbor-joining algorithm (34) was used to construct a dendrogram with the computer program MEGA (20) .
Nucleotide sequence accession number. The region downstream of the aafC gene ( Fig. 1 ) has been deposited in GenBank under accession no. AF134403.
RESULTS

Identification of plasmid-borne loci.
We derived an MluI map of the prototype AA plasmid pAA2 (Fig. 1) . By Southern hybridization, several previously described EAEC plasmid genes were localized, including a gene cluster encoding the Pet and EAST1 enterotoxins (pet and astA genes, respectively), as well as the AAF/II-related genes, aafA (the fimbrial subunit) and aggR (the fimbrial gene regulator). The sequence upstream of the fimbrial gene activator aggR contained a gene, which we have termed aspU (EAEC secreted protein U), that lies 821 bp upstream and in the same orientation as aggR (Fig.  1) . aspU is 99% identical to an ORF partially sequenced from strain 17-2 (called ORF1 in reference 24) , and is linked to aggR in that strain as well. aspU encodes the previously described 14-kDa secreted protein of EAEC strain 17-2 (25), but a role for this protein has not been elucidated. Notably, strain 17-2 expresses the AAF/I fimbrial antigen (the product of the aggA gene), whereas 042 expresses AAF/II but not AAF/I; both of these fimbriae are under aggR control (10, 24) . AAF/II genes are organized as two distinct clusters ( Fig. 1) : region 1, comprising aafA and aafR as well as the chaperone aafD; and region 2, which contains the usher protein aafC (12) .
Sequencing of DNA downstream of aafC (counterclockwise on fragment G in Fig. 1 ) revealed a cluster of three ORFs transcribed in the same direction and each ca. 93% identical (at the amino acid level) to a similar cluster located on the large plasmid of S. flexneri (32) . The last gene of this cluster (and the one closest to aafC) is homologous to virK (GenBank accession no. D11025), a gene which encodes a 316-amino-acid (36.8-kDa) protein which has been suggested to be a posttranscriptional regulator of virG expression (22) . Notably, however, hybridization of 042 DNA by using an S. flexneri virG fragment probe did not yield a signal, suggesting that plasmid pAA2 does not encode VirG (data not shown). The first gene of our virK cluster is predicted to encode a protein of 280 amino acids (predicted molecular mass of 32.8 kDa). Interestingly, the ho- mologous DNA in S. flexneri is frameshifted and therefore may not encode such a protein; the two ORFs in S. flexneri, separated by a single frameshift, are designated shf1 and shf2 in GenBank (accession no. AF012082), and we have therefore adopted the designation shf to refer to our single ORF. Notably, a homolog of this ORF is also present on the E. coli O157:H7 60-MDa plasmid (accession no. AF043470). No function is known for the predicted Shf proteins, but the closest well-characterized homolog (at 25% amino acid identity) is the IcaB protein of Staphylococcus epidermidis, a protein implicated in intercellular adhesion (15) . Between the shf and virK ORFs lies another ORF which, although similar in S. flexneri, has not been reported previously. The predicted product of this ORF, 251 amino acids (29.0 kDa) in length in both S. flexneri and EAEC, would encode a protein 50% identical to an rfbU-related lipopolysaccharide biosynthetic gene of E. coli O157:H7 (accession no. AB011549). Both genes exhibit motifs which we have found to be specific for hexosyltransferase enzymes (16) . Identification of chromosomally encoded loci. Strain 042 has been shown to secrete into the supernatant two high-molecular-mass proteins of 104 and 116 kDa (13) . The 104-kDa protein is the product of the pet gene, which encodes a plasmid-encoded autotransporter enterotoxin (13) . We determined the N-terminal sequence of the 116-kDa secreted protein of strain 042 and found that it is identical to the sequence of the predicted protein product of the she gene of S. flexneri (GenBank accession no. U35656) (33) . This gene is notable in that the Shigella enterotoxin 1 gene is encoded on the antisense strand. We derived PCR primers from the reported sequence of the she gene (Table 1) and amplified a 1,175-bp product from S. flexneri 2457T. This fragment was then used as a DNA probe in colony blot and Southern blot hybridization. Strains 2457T and 042 each yielded strong hybridization signals in both colony blot and Southern blot analyses of restricted genomic DNA. However, neither E. coli HB101 nor E. coli HB101(pAA2) yielded a signal with this she probe. Moreover, the she PCR primers yielded the same amplification product from 042 template DNA as from 2457T DNA but yielded no PCR product from HB101 or HB101(pAA2) DNA. Therefore, we concluded that a she homolog was encoded on the chromosome of EAEC strain 042.
In their description of the she-encoding pathogenicity island in the S. flexneri chromosome, Rajakumar et al. (33) also reported the partial sequence of another autotransporter-encoding gene located approximately 4 kb downstream from the she gene; this gene was designated sigA. To determine whether the complete chromosomal island of S. flexneri is also present in EAEC, we derived primers from the available partial sequence of sigA (accession no. U97487) and amplified a fragment from Shigella strain YSH6000. This fragment hybridized with parent S. flexneri strain YSH6000 but did not hybridize with 042 DNA. These data suggested that whereas both S. flexneri and EAEC strain 042 carried the she gene, the overall organizations of the purported pathogenicity islands are dissimilar.
Schubert et al. (38) have recently reported that 93% of EAEC hybridized with a probe derived from the irp2 gene, which encodes a protein necessary for yersiniabactin biosynthesis in Yersinia species and which is part of the high-pathogenicity island. Using published primers derived from the irp2 sequence, we generated a PCR product from Yersinia enterocolitica and found that genomic DNA of 042, but not HB101 (pAA2), hybridized with this irp2 fragment, suggesting that this gene is indeed located on the chromosome of strain 042.
Chromosomal phylogeny studies. Having established the presence of several plasmid-borne and chromosomal loci among EAEC strains, we examined the prevalence of these genes on a defined phylogenic map. These gene probes used are listed in Table 1 . MLEE for 20 chromosomally encoded enzymes was performed on a preselected collection of EAEC and DAEC strains. These strains were chosen to represent well-characterized strains from diverse locations and serotypes. Roughly three-fourths of the EAEC strains that we selected were CVD432 probe positive, approximately the same proportion of probe positivity for all of the strains in our collection. Interestingly, five originally selected CVD432 probe-negative strains were found not to be E. coli (by MLEE and biochemical analysis), and two were found not to be HEp-2 adherent upon follow-up testing after the MLEE analysis. These strains were excluded from analysis. Results are shown in Fig. 2 .
The phylogenetic analysis of EAEC and DAEC strains reveals five large clusters of strains (Fig. 2) . Two of the clusters were found to comprise largely EAEC strains (designated EAEC1 and EAEC2), two contained predominantly DAEC strains (DAEC1 and DAEC2), and one cluster contained strains of both pathotypes. Although the strains were found in characteristic clusters, the overlapping nature of the phylogeny was notable: in addition to the combined AA/DA cluster, both EAEC clusters contained DAEC strains, and DAEC2 contained one EAEC strain. The presence of multiple discrete clusters of strains from a single pathotype is reminiscent of EPEC and EHEC strains; these clusters are illustrated as shaded boxes in Fig. 2 . Several previously characterized diarrheagenic E. coli clusters (45) are also superimposed on our phylogram.
Despite the overlapping nature of DAEC and EAEC strains, hybridization with the chromosomal she locus was restricted to EAEC strains. Not only was hybridization with the she probe characteristic of strains located only in EAEC1, EAEC2, and AA/DA, but within those clusters, she-homologous sequence were restricted to EAEC strains. In contrast, hybridization with the irp2 probe was characteristic of both EAEC and DAEC clusters.
Analysis of EAEC plasmids. The presence of EAEC plasmid-specific sequences was highly correlated with EAEC strains; in only one case was a DAEC strain positive for any of the plasmid probes (DA E1058B in EHEC1). In addition to being specific for EAEC strains, we found that AA plasmidborne genes were highly linked to each other. Of the 44 strains displaying the AA phenotype (and therefore defined as EAEC), only 2 failed to hybridize with any of the AA plasmid probes ( Table 2 ). The high correlation of CVD432, aggR and aspU (widely separated on the pAA2 restriction map) is the best evidence for the existence of a conserved EAEC plasmid family.
Various plasmid-borne markers were found to segregate with each other (Table 2) . pet and AAF/II, for example, although each present in only a minority of strains, correlated well: of the eight strains that hybridized with the AAF/II probe, seven were also positive with the pet probe. Also of interest were the observations that AAF/I and AAF/II were mutually exclusive (as previously suggested [10] ) and that although AAF/I and AAF/II were nearly always present along with aagR, the latter was present in several cases in the absence of the fimbrial subunit genes, suggesting the presence of as yet undiscovered AAFs.
The placement of plasmid genes on the dendrogram presented evidence of vertical transmission of plasmid-borne genes. Most prominently, AAF/I was found mainly in cluster EAEC1, whereas AAF/II predominated in the AA/DA cluster. Also, as seen in Table 2 , particular patterns of plasmid genes were commonly conserved within a single ET. For example, ET9 and ET52 each comprised three strains from different areas with nearly identical plasmid gene profiles. However, we also observed evidence of horizontal transmission of plasmids throughout the dendrogram. This may be best exemplified by the presence of both AAF/I-and AAF/II-encoding plasmids within the same clusters (e.g., ET43). To assess further whether or not such horizontal transfer may have occurred, the plasmids of strains representing two specific gene combinations that were found in strains from widely separated clusters were subjected to RFLP analysis. The combinations selected were CVD432-AAFI-aggR-aspU (probe a) and CVD432-shf-AAFII-pet-aggR-aspU (probe b). As probes in these analyses we used the AAF-encoding regions derived from previously constructed AAF/I-and AAF/II-encoding cosmid clones (13, 25) . As shown in Fig. 3 , the plasmids with probe b were largely conserved with regard to the RFLP profiles; and in fact, three of the strains revealed identical patterns despite their derivation from widely dispersed MLEE clusters. Conservation of plasmids hybridizing with probe a was not as great; nonetheless, the profiles revealed at least partial conservation of both nucleotide sequence (i.e., multiple fragments hybridized on Southern blot) and of restriction fragment patterns. These observations substantiated the hypothesis that AA plasmids are inherited by a combination of horizontal and vertical transmission.
DISCUSSION
EAEC is an emerging enteric pathogen, yet neither virulence factors nor their phylogenetics have been completely characterized. Significant EAEC strain-to-strain heterogeneity has been suggested by the prevalence of various virulence factors (10, 13, 28, 36, 37) and by the fact that only a minority of EAEC strains tested have caused diarrhea in volunteers (29) . Here, we suggest that EAEC strains comprise a heterogeneous set of pathogens that share certain chromosomal and plasmid-borne genes.
Using MLEE analyses, we found that EAEC and DAEC strains segregated into defined chromosomal clusters. However, we noted significant overlap among these clusters, and specific EAEC or DAEC strains were occasionally found within clusters characteristic of the other pathotype. Overall, this situation is similar to that observed among other E. coli pathotypes, such as EPEC and EHEC (also shown in Fig. 2 ), yet the precise relationship of EAEC and DAEC to each other is still not clear. Presumably, the presence of AAFs confers the AA phenotype regardless of the chromosomal background. But our data also suggest that, like EPEC and EHEC strains, EAEC strains may comprise a package of genes (i.e., the she island and AA plasmid genes) that travel together in an evolutionary sense, exhibiting horizontal spread and conservation as a result of the conference of a particularly adaptive pathogenic profile. Indeed, as for EHEC and EPEC strains, it appears that the characteristic EAEC plasmid and chromosomal packages have arisen on multiple independent occasions (45) .
Our phylogenetic analysis has also allowed us to place several previously described diarrheagenic E. coli clusters (45) (DEC 6, 7, 13, 14 and 15) on our dendrogram. Our analyses suggest that these diarrheagenic E. coli may belong to EAEC and DAEC pathotypes, and further analyses of these strains are ongoing. Recent work in our laboratory suggests that mem- Phylogram of EAEC and DAEC strains. EAEC and DAEC strains were subjected to MLEE for 20 enzymes as previously described (39, 45) . Results were analyzed by the neighbor-joining method. Bold italic letters refer to positive hybridization reactions with the probes listed in Table 2 : a, CVD432; b, shf; c, AAF/I; d, pet; e, AAF/II; f, aggR; g, aspU; s, she homolog; i, irp2. DA, DAEC; NA, non-adherent strain; AA, EAEC (as defined by HEp-2 adherence phenotype). Dotted lines are added to assist in visual alignments. DEC clones represent diarrheagenic E. coli clusters previously described by Whittam et al. (45) . bers of DEC 6, 11, and 15 are generally EAEC and are she positive, while some members of DEC 7, 9, 13, and 14 are EAEC but are she negative.
The high prevalence of the Shigella chromosomal gene she within EAEC clusters is notable. This gene, found predominantly in S. flexneri 2a strains, has been suggested to be part of a larger chromosomal pathogenicity island (33) . Our data suggest that at least some S. flexneri strains may be descended from recent ancestors shared with EAEC strains. However, in one S. flexneri strain, she is closely linked to the sigA autotransporter gene (33), which we did not find by hybridization in any of our EAEC strains. Thus, the chromosomal islands of S. flexneri and EAEC are apparently not identical throughout their lengths.
A further inference drawn from our data is that EAEC strains, like EPEC and EHEC strains (26) , carry related pathotype-specific plasmids harboring several highly conserved loci. The previously described AA probe (CVD432) has been localized to the AA plasmid of strains 042 and 17-2 and has been used as a diagnostic reagent for detection of EAEC (2) . However, the analyses presented here suggest that some CVD432 probe-negative strains also carry an AA plasmid, as evidenced by the presence in such strains of several other AA plasmid genes. The specificity of these genes for EAEC strains is sup- ported by the complete lack of hybridization of all the DAEC strains and the high degree of correlation with the CVD432 probe. However, our data suggest that aspU and shf may each be more sensitive (although the latter is less specific) than the CVD432 probe and that aggR is present in the majority of EAEC strains, albeit with a slightly lower frequency than CVD432. We acknowledge that our collection of EAEC strains was selected from various studies and that the prevalence of the AA plasmid within EAEC worldwide may not be accurately reflected. Prospective epidemiologic studies in several areas will be required before a more complete picture can be generated. On a broader scale, our data allow us to draw inferences regarding the natural history of EAEC plasmids. Rhizobium species have been shown to display features of combined horizontal and vertical plasmid transmission (41, 44) . A similar model is suggested for the large plasmids of EHEC (5) . Here, we show that EAEC exhibits a similar pattern of transmission, in which a virulence plasmid is acquired and then stably maintained among clonal descendants. In addition, our analyses reveal that horizontal transmission of plasmids between distinct chromosomal clusters also occurs. The mechanism for horizontal transmission is presumably conjugation, as we and others have shown that AA plasmids are transmissible (31) . Of note, the studies presented here represent characterization of only one side of the plasmid; however, studies ongoing in our laboratory suggest that the remainder of the plasmid is devoted mostly to transfer and replication functions (11) .
The full phylogenetic and pathogenic character of EAEC is unknown, and the roles of the various factors described herein warrant further investigation. In addition, the value of the various loci as EAEC diagnostic probes is being evaluated.
